Abstract -This paper presents the derivation and investigation of a practical model structure for a large-capacity WPT system capable of powering a railway system. Comparative analyses of the secondary pickup induced voltages and rail induced voltages for various WPT models are conducted to derivate the optimal WPT model which could be applied to railway vehicles. Through the analyses for various WPT models, a coreless-type WPT model structure, which has the same dimension and performance as the secondary pickup module of the conventional core-type WPT model, is derived. In order to verify the characteristic analysis results from the simulation method of the core-type and coreless-type WPT models, small-scaled proto-models are manufactured for both the conventional core-type WPT model and the coreless-type model which has the best performance. It is confirmed that the coreless-type WPT model could have similar performance with the core-type WPT model through performance tests.
Introduction
A Wireless Power Transfer (WPT) system is a contactless power feeding device from a source to a load. Its application scope ranges from small-capacity systems such as electronic toothbrush chargers and cell phone chargers to large-capacity systems such as electric vehicles and industrial transport equipment [1, 2] . Different from the conventional catenary/pantograph power feeding methods, WPT systems are being currently introduced as a new mechanism for energy transfer in railway systems and various research studies are being conducted related to the application of WPT systems for trains [3] [4] [5] [6] . Bombardier developed a three-phase 200kW/20kHz-class WPT system and demonstrated to mount it on a PRIMOVE tram in 2008 [7] . However, Bombardier's WPT system was not suitable for the simultaneous power transfer of multiple pickups because the three-phase variable magnetic flux travels along the ground power feeding line. Some research shows that a single-phase WPT system is more advantageous to deliver power simultaneously to multiple pickups [4] . In 2013, Korea Railroad Research Institute (KRRI) and Korea Advanced Institute of Science and Technology (KAIST) proposed a ground power feeding line and pickup designs for a single-phase 180kW/60kHz-class WPT system and demonstrated to mount it on a Wireless-Tram. Fig. 1 shows the 180kW/60kHz-class WPT system applied to a Wireless-Tram. Many researches up until now have been focused on ensuring performance not reducing size and cost. However, the output power of the WPT system, about 10MW is required in order to apply a WPT system to a large-capacity system such as a high-speed railway vehicle. The 10MW-class WPT system is a difficult task in size and cost. Ultimately, a variety of technologies for size and cost reduction as well as energy transfer performance are critically needed to secure the technology for the largecapacity WPT system [8, 9] .
In general, a loosely coupled WPT system is well-known to be suitable as a high-efficiency, high-power, large airgap system. Therefore, the topology is selected as an alternative to the conventional contacted power feeding system. However, the magnetic material is used excessively on the conventional WPT model. Therefore, the purpose of this research is to investigate a practical model for the large-capacity WPT system capable of powering a railway system. Therefore, the derivation of the optimal WPT model, which could be applied to either urban railway vehicles or high-speed railway vehicles, is conducted in this study. This paper is structured as follows. A simulation approach is used to analyze the characteristics for structure Fig. 2 (a) . 750Vdc power received from the catenary and pantograph is transferred to the battery through the battery charger in charging mode. In the traveling mode, the power stored in the battery is supplied to the traction inverter. An electric block diagram for Wireless-tram using WPT system is shown in Fig. 2 (b) . 60 kHz-frequency resonant inverter, which is installed on the way side, transfers AC power to the series-tuned ground power feeding line. Then, the ground power feeding coil generates high-frequency magnetic fields that couple with the pickup coils installed at the bottom of the Wireless-tram. The pickups transfer the power to the voltage regulator. Finally, the voltage regulator supplies a constant voltage to the battery charger.
Consequently, the WPT system replaces the pantograph / catenary system. Fig. 3 shows the conventional 60kW-class WPT model and ground power feeding line applied to the WirelessTram. As shown in Fig. 3 , the ground power feeding line has a lot of ferrite-core. In this core-type WPT model, the construction for the ground power feeding line and equipment is difficult and the cost is high because the ground power feeding system has to be installed throughout the entire tram route. Therefore, derivation of a coreless-type WPT model with low-cost structure is necessary. In general, the flux linkage into the secondary pickup coil is reduced when the ferrite core is eliminated from the ground power feeding line. Consequently, in order to apply a coreless-type ground power feeding line to WPT model, a derivation of an appropriate secondary pickup structure is necessary. Table 1 shows specifications for the conventional 60kW-class WPT model.
The conventional core-type WPT model

Structure design and property analysis of the coreless-type WPT model
In general, a loosely coupled WPT system is well-known to be suitable as a high-efficiency, high-power and large air-gap system. Therefore the loosely coupled topology is suitable as WPT system for a train [10] . The loosely coupled WPT system is less sensitive to changes in the dimension of the WPT model. In other words, the characteristic parameters variation of the loosely coupled WPT system is less sensitive to changes in the shape and dimension. Therefore, the coreless-type WPT model, which is derived from the optimal design process, is available as an alternative to the conventional WPT model. The equivalent circuit of the series-series resonant system, which is applied to the conventional core-type WPT system, is shown in Fig. 4 . R 1 and R 2 are equivalent series resistance of the ground power feeding line and pickup coils. C 1 and C 2 are compensating capacitors and R l is load resistance. a is the transfer ratio and w o is the resonant frequency. In general, the power transfer efficiency η ss of the magnetic resonant system is represented by the Eq. (1) [11] . As shown in the Eq. (1) and (2), the power transfer efficiency η ss is proportional to the square of the coupling coefficient k and is sensitive to changes in the coupling coefficient k. Therefore, the design of a corelesstype WPT model with the large coupling coefficient k is conducted in this study.
In order to apply a coreless-type ground power feeding line to WPT model, a new design of the appropriate secondary pickup module structure is necessary. Above all, a simple plate-shaped ferrite core structure is applied to the secondary pickup module for low-cost manufacturing. In this paper, a small-scaled coreless-type WPT model is designed for performance comparison with the core-type WPT model. Fig. 5 shows the structure and design parameters of the secondary pickup module for the smallscaled coreless-type WPT model design. As shown in Fig.  5 , the secondary pickup module for the coreless-type WPT model has 2 design variables. 'A' is the ferrite core width inside the pickup coils and 'B' is the ferrite core width outside the pickup coils. Table 2 shows the levels of the design variables on the secondary pickup module. Fig. 6 shows the magnetic flux density distributions of the derived coreless-type WPT model under no-load conditions. As shown in Fig. 6 , the magnetic flux density at the secondary pickup core is below 0.1T. Thus, there seem to be no issues with saturation during the rated operations. Fig. 7 shows the characteristic variations of the equivalent circuit parameters and the coupling coefficient k on each coreless-type WPT model according to a change of the design variables. As shown in Fig. 6 , the coupling coefficient k increases as the width 'A' decreases. Fig. 8 shows the characteristic variations of the power transfer efficiency η ss according to a change of the load resistance. As shown in Fig. 8 , the power transfer efficiency η ss of the Model 4(A: 12.5cm, B: 6.6cm) is the largest. In addition, the efficiency difference of each model is large when the load resistance is small, but the difference decreases as the load resistance 
Production of Small-scaled WPT Models and Verification by Performance test
Production of small-scaled WPT proto-models
In this study, 2 small-scaled proto-models are manufactured to verify the characteristic analysis results from the simulation method between the core-type and coreless-type WPT model. First, a 6 KW-class PAM(Pulse Amplitude Modulation) resonant inverter is created to supply high-frequency power to the WPT models. Next, small-scaled WPT proto-models are created for both the conventional core-type WPT model and the coreless-type WPT model. The ground power feeding lines for each small-scaled WPT proto-model have 4 turns and the secondary pickup modules have 8 turns. The specifications for each small-scaled WPT proto-model are provided in Table 3 . The inductance and capacitance parameters of the ground power feeding lines and the secondary pickup modules are included in Table 3 . Table 4 shows performance indexes for the completed small-scaled WPT proto-models. As shown in Table 4 , the coreless-type WPT model is designed to be larger than the core-type WPT model in the mutual inductance and coupling coefficient k. Fig. 9 shows the completed small-scaled WPT protomodels.
Verification through performance test of the small-scaled WPT proto-models
In this study, load and no-load tests are conducted for both of the manufactured small-scaled WPT system protomodels. Fig. 10 shows the arrangement diagram of the small-scaled WPT system for performance test. The operating frequency and the output current of the resonant inverter are approximately 64 kHz, 60A, respectively. Bifurcation gaping resonance occurs when the ground power feeding line and the pick-up coil having the same resonant frequency is located close to each other. In this case, if the operating frequency of the resonant inverter is 61 kHz, a capacitive component in the output of the resonant inverter is shown and there is a risk of burn out in the resonant inverter. Therefore, the operating frequency of the resonant inverter is set at 64kHz higher than the resonant frequency(61kHz) of the ground power feeding line. Fig. 11 shows the measurement results of the no-load induced voltage tests for each of the WPT proto-models. Fig. 11 (a) and (b) show the measured wave patterns of the induced voltage at 35mm air gap, and Fig. 11 (c) shows the variation properties of the induced voltages according to Fig. 11 , the no-load induced voltage for the coreless-type WPT proto-model is approximately 5% smaller than that of the core-type WPT proto-model. Fig. 12 shows the measurement results of the rectifier output voltage/current, and system efficiency according to differences of air gap for each of the WPT proto-models under load conditions. A load resistor is 1Ω. The output power of both small-scaled WPT proto-models is maintained at 3.18kW. Fig. 12 (a) and (b) show the wave patterns of the voltage and current measured at the rectifier output terminals for each WPT proto-model at 35mm air gap. Fig. 12 (c) shows the measurement results of the overall system efficiency according to differences of air gap for each of the WPT proto-models under load conditions. In this study, the efficiency of the WPT system is derived by measuring the following: the DC-link voltage of the resonant inverter's input terminal and the output voltage of the secondary pickup module's rectifier output terminal. As shown in Fig. 12 (c) , when the output power of the secondary pickup module's rectifier is 3.18kW, the efficiency of both the core-type WPT proto-model and the coreless-type WPT proto-model is approximately 75%. Additionally, even if the air gap is changed from 20mm to 40mm, there is almost no change in efficiency. If the resonant inverter is operated at the resonant frequency of the WPT system, the efficiency is about 95% at load resistance of 1Ω in theory, but the experimental results are about 84%. In conclusion, the performance test confirms that the coreless-type WPT model could have similar performance with the core-type WPT model by proper design in the loosely coupled WPT system. Therefore, it is predicted that the developed WPT system will be able to meet the magnetic-field radiation and induced magneticfield safety guidelines.
Conclusion
The derivation and investigation of a practical model structure for the large-capacity WPT system capable of powering a railway system are conducted in this paper. The derivation of the optimal coreless-type WPT model applied to either urban railway vehicles or high-speed railway vehicles is conducted in this study. The characteristic variations of the equivalent circuit parameters and the coupling coefficient k on each coreless-type WPT model are compared. In order to verify the characteristic analysis results from the simulation method of the coreless-type WPT model, two small-scaled proto-models are manufactured and tested for both the conventional core-type WPT model and the coreless-type model in order to determine which has the best performance. It is confirmed that the coreless-type WPT model could have similar performance with the core-type WPT model through the performance tests. In this study, the ground power feeding line without the ferrite core and the simplified structure of the secondary pick-up module for the coreless-type WPT model are derived. It is expected that the manufacturing and durability of the product will be improved and production costs will be reduced when the WPT module is applied to large-capacity systems for high-speed railways in the future. 
